We have examined the topography of Nacetylglucosamine-terminating glycoproteins in membranes from rat liver smooth and rough endoplasmic reticulum (SER and RER). It was found that some of these glycoproteins are intrinsic membrane proteins with their sugars facing the cytosolic rather than the luminal side. This conclusion was reached by using vesicles from the SER and RER that were sealed and of the same topographical orientation as in vivo.
N-glycosidase F and chemical fl-elimination showed that the 56-kDa protein of the SER vesicles contained terminal Nacetylglucosamine in an 0-linkage to the protein. The above results suggest that some sugars of glycoproteins in the endoplasmic reticulum may attain their final orientation in the membrane by mechanisms yet to be determined.
The bulk of the oligosaccharides that are attached to proteins are in the lumen of the endoplasmic reticulum (ER) and Golgi apparatus (1, 2) . The mechanism by which this asymmetry is established is well understood. Membrane and secretory proteins are translated on membrane-bound polysomes and inserted, with their amino-terminal group first, into the membrane and lumen of the rough endoplasmic reticulum (RER) (3, 4) . Sugars are then added co-and posttranslationally in the lumen of the RER and Golgi apparatus (5) (6) (7) . Following their glycosylation in the RER, most of the content proteins are found thereafter in the lumen of the Golgi apparatus and from there reach the lumen of lysosomes or are secreted by exocytosis (3) .
The membrane proteins, which are glycosylated in the ER, migrate via vesicles to the Golgi apparatus, lysosomes, and plasma membrane. In the plasma membrane, the vesicles are incorporated into the membrane by exocytotic fusion. This latter event explains why protein oligosaccharides assembled in the lumen of the ER and Golgi apparatus attain their exterior location on cell surfaces (8) .
We have examined the topography of proteins that contain terminal N-acetylglucosamine (GlcNAc) in membranes of the ER. GlcNAc is the first sugar attached to the protein of N-linked glycoproteins in the ER. This terminal sugar can be monitored by using UDP-galactose (radiolabeled in the sugar) and soluble, bovine milk galactosyltransferase (9) , a highly specific enzyme that transfers galactose to terminal GlcNAc in a p1-4 linkage. We have found in the ER membrane, in addition to glycoproteins with this terminal GlcNAc oriented toward the lumen, a class of proteins with their terminal GlcNAc facing the cytosol. These proteins are integral membrane proteins and differ from the recently described peripheral glycoproteins of the nuclear envelope, which also appear to have their sugars facing the cytosolic side of the membrane (10) (11) (12) (13) (14) (15) (16, 17) . After removal of ribosomes with KCI and puromycin (17) , the RNA/protein ratio (mg/mg) of rough microsomes changed from 0.260 to 0.089. Vesicles were at least 94% intact, based on latency of glucose-6-phosphatase towards mannose 6-phosphate (18) , and were used for radiolabeling experiments immediately after isolation. Permeabilized RER-and SER-derived vesicles were obtained by sonicating with a W-225 sonicator (Heat System-Ultrasonics, Farmingdale, NY). Following sonication, latency towards mannose 6-phosphate was <5%. Golgi-derived vesicles were obtained as described by Leelavathi et al. (19) and were permeabilized with 0.1% Triton X-100. Lysosomes (20) and plasma membrane-rich (21) and nuclei-rich (22) 
RESULTS
To determine whether GlcNAc-terminating glycoproteins occur on the cytoplasmic side of membranes from the SER or RER in vivo, rat liver was used as source of membranes. Highly enriched vesicles from these organelles can be obtained that are sealed and of the same membrane topographical orientation as in vivo (16, 18) . The occurrence of GlcNAc-terminating glycoproteins on the cytoplasmic side of the ER vesicles can be examined by using UDP-[1C]galactose, a sugar nucleotide that does not enter the lumen of the ER (7), and saturating amounts of bovine milk galactosyltransferase, an enzyme that specifically adds galactose in a X1-4 linkage to terminal GlcNAc. This enzyme does not enter the lumen of sealed vesicles. It was reasoned that if transfer of galactose to glycoproteins occurred in sealed vesicles, then the acceptor sugar must be facing the outside of the vesicles and, by inference, the cytosolic side of the ER membrane. This hypothesis requires several controls. These include ruling out that the ER vesicles are contaminated with (i) small membrane fragments from the ER or other organelles (with the luminal sugars exposed) and (ii) soluble proteins from the cytosol or content proteins of the lumen of other organelles.
ER Contains Intrinsic Membrane Glycoproteins with Cytosol-Oriented Sugar Acceptors for Galactose. Vesicles derived from rat liver SER and RER, which were sealed and "rightside-out," were incubated with UDP-[14C]galactose and saturating amounts of bovine milk galactosyltransferase. After centrifugation, the proteins of the vesicle pellets were subjected to NaDodSO4/PAGE and autoradiography. As shown in Fig. 1 , lanes 2 and 6, several glycoproteins served as acceptors for [14C]galactose. In the SER, the major protein acceptors migrated, after galactosylation, with an apparent molecular mass of 56 and 110 kDa (lane 6). Proteins radiolabeled to a lesser extent were present in both the SER and RER fractions and migrated with an apparent molecular mass of 46 and 72 kDa. In a separate experiment (data not shown), it was determined that the radiolabeling pattern of the closed RER vesicles was not the result of steric hindrance by ribosomes (17) . When the above incubation was repeated in the absence of exogenous galactosyltransferase, no transfer of radioactive galactose to proteins was observed ( Fig. 1, lanes 1 and 5) .
These results suggested that the labeled glycoproteins contained terminal GlcNAc facing the cytoplasmic side of the ER vesicles. This conclusion was strengthened by (i) the demonstration that following the 10-min incubation, the integrity of the vesicles remained >94% (as measured by latency of glucose-6-phosphatase towards mannose 6-phosphate); (ii) the observation that exogenous galactosyltransferase cannot penetrate the lumen of the vesicles; and (iii) the experiments described below.
To show that the galactose-labeled glycoproteins did not represent small amounts of broken membranes from the ER contaminating the preparation of intact vesicles, the vesicles were permeabilized by sonication. When these membrane preparations were labeled with UDP-[14C]galactose and soluble galactosyltransferase, the pattern observed in Fig. 1,  lanes 3 and 7, (Fig. 1, lanes 3 and 7) . The mobilities of these proteins were similar in the RER and SER fractions but were different from those observed in intact vesicle preparations from these organelles. These proteins most likely have their terminal GlcNAc facing the vesicle lumen.
To determine whether the glycoproteins with terminal GlcNAc facing the cytosol were integral or peripheral membrane proteins, the radiolabeled membranes were treated with sodium carbonate at pH 11.5, a condition known to solubilize vesicle content and peripheral membrane proteins while intrinsic membrane proteins remain in the pellet (23).
These pellet proteins were then subjected to NaDodSO4/ PAGE and autoradiography (Fig. 1, lanes 4 and 8) A radiolabeling pattern very similar to that described above was obtained with exogenous galactosyltransferase (Fig. 2, lane 3) . It was important to determine whether or not the radiolabeling pattern of GlcNAc-terminating glycoproteins of Golgi membranes was similar to that of SER or RER membranes. For this, Golgi vesicles were permeabilized with Triton X-100 and incubated with UDP-["4C]galactose and exogenous galactosyltransferase. The radiolabeling pattern (Fig. 2, lane 4) was very similar to that obtained with intact Golgi vesicles incubated with or without exogenous galactosyltransferase. Because in the previous experiment some of the content proteins remained in the supernatant following radiolabeling and centrifugation (data not shown) and therefore are not seen in lane 4, it was important to examine separately the radiolabeling patterns of both the membrane-associated and content-associated fractions. Golgi vesicles were permeabilized with Triton X-100, radiolabeled with UDP-['4C]galactose and exogenous galactosyltransferase, and treated with sodium carbonate. After centrifugation, the pellet (containing intrinsic membrane proteins) and the supernatant (containing peripheral plus content proteins) were subjected to NaDodSO4/PAGE and autoradiography. The majority of the glycoproteins with terminal GlcNAc were in the extrinsic/content-protein fraction of the Golgi vesicles (Fig. 2, lane 6 ), whereas only a relatively small amount was in the intrinsic membrane protein fraction (lane 5). These Golgi intrinsic membrane proteins with terminal GlcNAc showed a radiolabeling pattern very different from that of intrinsic membrane proteins of the SER and RER (Fig. 1, lanes 4 and 8) . These results strongly suggest that the principal cytoplasmically oriented GlcNActerminating glycoproteins of the SER and RER vesicle preparations were not the result of contaminating intact vesicles or membranes from the Golgi apparatus.
The Cytosol-Oriented Galactose Acceptors of ER Membrane Do Not Occur in Lysosomes, Nuclei, Plasma Membrane, or Cytosol. We also wanted to determine whether the GlcNAc-terminating glycoproteins observed in intact SER vesicles were present in the cytosol or in organelles other than the Golgi apparatus. For this, a comparative radiolabeling study of various subcellular fractions was done. After incubation with UDP-[14C]galactose and galactosyltransferase, a lysosomal membrane-rich fraction (Fig. 3, lane 2) did not contain 14C-labeled proteins with the same mobilities and apparent specific radioactivities as those observed when intact SER vesicles were labeled (lane 1).
When a nuclear fraction was incubated with UDP-['4C]galactose and galactosyltransferase, the predominant radiolabeled protein had an apparent molecular mass of 67 kDa (Fig. 3, lane 3) . This major GalNAc-terminating protein, as well as others of different molecular mass, have been observed by other investigators upon examination of nucleiand nuclear envelope-rich fractions by a similar procedure (10) (11) (12) (13) (14) (15) 27) . No 14C-labeled protein with mobility and specific radioactivity similar to those of the 56-kDa protein of the SER was seen in this nuclear fraction.
A plasma membrane preparation was separated into an intrinsic-and an extrinsic-protein fraction, and each fraction was incubated with UDP-[14C]galactose and galactosyltransferase. Neither fraction contained protein comparable in specific radioactivity and apparent molecular mass to the 56-kDa protein observed in intact SER vesicles. The same conclusion was reached upon examination of a cytosol fraction (Fig. 3, lane 5) . These results strongly suggest that the radiolabeling of the ER fraction is organelle-specific. 
DISCUSSION
We have obtained evidence for a class of glycoproteins that are intrinsic membrane proteins of the ER with their sugars facing the cytosolic side of the membrane. These glycoproteins are different from the recently described peripheral glycoproteins of the nuclear envelope, which have their sugars facing the cytosolic side (10-13). The proteins described here are specific O-GlcNAc-linked proteins of the SER and RER membrane.
It is important to keep in mind that the O-GlcNAc linkage per se does not necessarily imply a specific mechanism and topographical constraint for its synthesis, because this type of 0-linked glycoprotein also occurs facing the lumen of the ER.
The occurrence of the O-GlcNAc-linked proteins on both sides of the ER membrane suggests that this type of 0-glycosylation may occur in this organelle. This site would be in addition to the Golgi apparatus, which has recently been described as the site of synthesis of the O-GalNAc linkage to proteins (30) and the O-xylose linkage in glycosaminoglycans (31) .
The cytosolic O-GlcNAc linkage may be formed by direct glycosylation of the mature protein on the cytosolic side of the ER membrane. This would require a soluble or cytosoloriented GlcNAc transferase in the ER. Neither of these enzymes has been described. Another possible mechanism for the formation of the cytosolic O-GlcNAc linkage may be the co-or posttranslational glycosylation of the protein on the luminal side of the ER membrane, followed by the translocation of the glycoprotein to the cytosolic side. A similar translocation has been postulated in the ER membrane for sugars attached to dolichol (32) . Finally, the possibility also exists that the mature protein is glycosylated in the cytosol and then inserted posttranslationally into the ER membrane, as recently shown to occur for proteins in the ER of dog pancreas (33) and yeast (34) (35) (36) . However, as mentioned before, no cytosolic glycosyltransferases have been described up to now. The predominance of these cytosolically oriented O-GlcNAc-containing glycoproteins in the SER compared to the RER deserves some attention. In the hepatocyte, -40% of the ER is smooth, and together with the RER, these membranes constitute 50% of the total cell membrane (37, 38) . Although most of the intrinsic membrane proteins are shared by both reticuli (39) , this does not appear to occur with the 56-kDa glycoprotein of the SER.
